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Abstract  Three fractured tool dies used for industrial cold forging have been investigated 
using light optical microscopy and scanning electron microscopy. Two of the specimens 
were produced using the traditional Böhler P/M steel grade s790, while the last specimen 
was a third generation P/M steel produced using new technology developed by Böhler. All 
three steels have the same nominal composition of alloying elements. 
 
The failure in both types of material occurs as a crack formation at a notch inside of the tool. 
Generally the cold forging dies constructed in third generation steels have a longer lifetime 
than the ones constructed in traditional steel, which is connected to differences in micro-
structure. Focus has been put on differences in the size and distribution of carbides. It is 
found that the third generation steel contains smaller and more finely dispersed carbides and 
has an increased resistance towards abrasive wear compared with the traditional P/M steel. 
 
It was discovered that a cleaning agent (Alconox) frequently used for the cleaning of fracture 
surfaces introduced changes to the surface morphology. Therefore work was put into finding 
out exactly how this influenced the specimens looked upon. The result of this work is in-
cluded as a separate part of this document (Appendix A). 
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1 Introduction 
1.1 Cold forging 
Cold forging is a process used for large-scale production of small metal compo-
nents. For instance cold forging is a much-used process in the automotive indus-
try for production of axles and valve houses and other intricate parts. 
 
In comparison to traditional machining the use of cold forging is profitable 
since it offers a more automated process and a lot less material waste, because 
of the possibility of producing net shape or near net shape products. Figure 1-1 
shows examples of parts produced by cold forging.  
 
 
Figure 1-1 Examples of cold forged steel products produced at Danfoss A/S [1]. 
 
In cold forging the billet material is at near room temperature and therefore very 
high mechanical loads are needed to form the material. This means that during a 
production run the tool is subjected to repeat loadings under very high stresses. 
These stresses can often be very close to or even exceed the critical yield stress 
at notches and bends and other stress-concentrating details in the tool. This re-
sults in local critical plastic strains, which lead to dimensional changes and sud-
den fracture of the tool [2]. In order to minimize the risk of these effects and to 
prolong the lifetime of the tool a lot of care is put into designing through finite 
element modelling (FEM) (See for example [3]), material selection, heat treat-
ment, surface treatment etc.  
Prestressing 
A way of increasing tool life significantly is by compressive prestressing of the 
tool. This is traditionally done by fitting a die into one or multiple stress rings 
by shrinking, however the die life can be further increased by using the strip-
winding technology invented by STRECON A/S. Figure 1-2 illustrates a con-
ventional set up using stress rings and a set up using STRECON technology. 
Strip-winding containers can effectively improve the die lives by typically a 
factor of 3 to 10 depending on the exact application [4].  
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Figure 1-2 (a) Conventional stress rings. (b) Strip-wound container [1].  
 
The STRECON strip-wound containers are manufactured by winding a thin 
strip of high-strength steel around a core of high stiffness material such as ce-
mented carbide, as can be seen in Figure 1-3. By varying the winding tension 
from layer to layer an optimum stress distribution in the die can be obtained [1], 
whereby damaging cyclic-plastic strain is reduced in the most exposed parts of 
the die geometry.   
 
Figure 1-3 Winding principle of STRECON prestressed container [1]. 
 
In this way a strip-wound set up would correspond to a conventional set up with 
several hundreds of stress rings. Therefore it is possible to operate with higher 
internal pressures and stresses in the die before the material deforms plastically 
and failure occurs. Thus the use of the strip-wound containers increases the die-
life whereby the manufacturing cost is lowered and also allows the production 
of parts with a complicated geometry. The reduction of radial deflections of the 
die during the cold forging process improves conditions for production of net 
shape or near net shape parts. 
High-speed tool steels 
Typical materials used for cold forging tools are P/M (powder metallurgical) 
high-speed tool steels like for example the classic Vanadis 23 delivered by Ud-
deholm Tooling AB, Sweden, which conforms to the AISI M3:2 standard. 
Other materials that can be used are cemented carbides like tungsten carbide.  
 
High-speed tool steels are complex iron-base alloys with a matrix of tempered 
martensite and with additions of chromium, vanadium, molybdenum, or tung-
sten or combinations thereof and in some steels large substantial amounts of 
cobalt. The content of carbon and other alloys are balanced at levels to give 
high wear resistance, good toughness and high attainable hardening response.  
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The high-speed tool steels are classified according to the AISI system. Steels 
that have tungsten as one of their main alloying elements are designated with a 
T and those that have molybdenum as one of their primary alloying elements 
are designated with an M. After the M or the T follows a number that is only 
used to distinguish the different tool steels from each other. The number does 
not tell anything about amount of alloying elements or other characteristics.  
Heat treatment 
The final microstructure of high-speed tool steels consists of tempered marten-
site containing finely dispersed carbides. Normally the tool steel is delivered in 
fully annealed condition and a three-step heat treatment is applied. Each step 
introduces new changes to the microstructure and has influence on the final 
properties of the tool steel. The three steps are: Austenitizing, quenching and 
tempering. 
 
The general procedure for the heat treatment of tool steels is shown in Figure 
1-4. 
 
Figure 1-4  Schematic diagram of tool steel heat treatment steps for final hard-
ening [5]. 
 
Austenitizing is done in the austenite and carbon area of the phase diagram. The 
process temperature and holding time is chosen so as to obtain a homogeneous 
microstructure while avoiding excessive grain-growth. The chosen austenitizing 
temperature is decisive for the amount of undissolved carbides (primary car-
bides) and the amount of carbon and alloying elements in the austenite phase, 
whereby final carbon volume fraction, hardenability, retained austenite content, 
and secondary hardening potential are all influenced.  
 
The quenching is a diffusionless transformation of austenite into martensite (the 
martensite has same composition as the original austenite). The cooling rate 
must be high enough to ensure that the diffusion of carbon and other alloying 
elements are avoided but not so high that dimensional changes or heat cracks 
are introduced. 
 
The final step, tempering, is performed in order to increase the toughness and 
fracture resistance of the tool steel. The martensite present in the quenched con-
dition is too brittle to be of use in tool application. The tempering takes place in 
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the ferrite and carbon area of the phase diagram (~500-600˚C) and often two or 
three tempering steps of duration of approximately one hour each are applied. 
During the tempering the highly alloyed tool steels also experience secondary 
hardening due to the precipitation of minute secondary carbides coherent with 
the matrix. 
Effect of alloying elements [6],[7] 
The various alloying elements added all have a unique effect on the properties 
of the produced high-speed steel. The effects of the most important alloying 
elements are shortly discussed in the following. 
 
Carbon is the most important element and the amount added is very closely 
controlled since even a small change in carbon content can have a large impact 
on material properties. With increasing carbon content the working hardness 
rises, the elevated temperature hardness rises, and the number of complex, sta-
ble carbides that contribute to the wear resistance increases. The carbides ob-
served in high-speed steels are: 
 
• M6C, tungsten- or molybdenum carbide-rich fcc carbide of the 
composition ranges Fe3W3C to Fe4W2C in tungsten alloys and Fe3Mo3C 
to Fe4Mo2C in molybdenum alloys. The carbide is capable of dissolving 
some chromium, vanadium and cobalt. 
• M23C6, chromium-rich fcc carbide (Cr23C6) capable of dissolving iron, 
tungsten, molybdenum and vanadium. 
• MC, vanadium-rich fcc carbide of composition range VC to V4C3 capa-
ble of dissolving limited amounts of tungsten, molybdenum, chromium 
and iron. 
• M2C, tungsten- or molybdenum-rich hcp carbide that is only observed 
as a transition phase formed during the tempering of high-speed steels. 
 
The high-speed tool steels have very large fractions of carbides, which can be 
seen in Figure 1-5. 
 
Risø-R-1359(EN)  8
 
Figure 1-5  Volume percentages of carbides in high-speed steels as-annealed 
(white bars) and after austenitizing for hardening (grey bars). Compositions of 
T high-speed steels are given in weight percent as W-Cr-V-Co and of M high-
speed steels as W-Mo-Cr-V [6]. 
 
The amount of carbon in solid solution in the matrix decides whether the mart-
ensite formed during the heat treatment is of lath or plate-type. When the C-
content of the matrix is below approximately 0,4 wt% lath-type martensite is 
formed and at higher C-contents plate-type martensite is formed [8]. Which type 
is preferred depends on whether toughness (lath-type) or resistance against 
abrasive wear (plate-type) is desired [6].  
 
Chromium is important for the hardenability; usually a content of about 4 wt% 
is used, because this gives the best compromise between toughness and hard-
ness. 
 
Tungsten forms very hard complex carbides, which contribute significantly to 
the wear resistance of the steel. Tungsten also improves hot hardness, causes 
secondary hardening, and imparts marked resistance to hardening. 
 
Molybdenum forms the same type of carbides as tungsten does, and therefore 
tungsten can be substituted by molybdenum. Molybdenum has approximately 
half the atomic weight of tungsten, and therefore two parts of tungsten by 
weight can be substituted by one part of molybdenum. M-type steels generally 
have a higher toughness compared to the T-type steels and a slightly lower hot 
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hardness. Addition of tungsten to the M-type steels compensate for this last ef-
fect. The molybdenum steels are generally cheaper and are therefore more 
widely used. 
 
Vanadium forms very hard stable VC carbides, which dramatically increase the 
wear resistance. When properly balanced by the carbon additions the effect of 
vanadium on the toughness of the steel is relatively little. 
  
Cobalt is mainly used to increase the hot hardness. The heat-treating tempera-
ture rises because cobalt elevates the melting point, and it also slightly increases 
the brittleness of the high-speed steel. 
Powder metallurgy 
Powder metallurgy (P/M) is a widely used method for production of most high-
carbon, high-alloy tool steels, and it has several advantages compared to tradi-
tional ingot casting. The relatively slow cooling rate of a conventional static 
cast ingot makes it hard to obtain a satisfyingly fine carbide structure and a uni-
form dispersion of the carbides. This can result in nonuniform and excessive 
grain growth, nonuniform response to heat treatment, poor transverse properties 
and low toughness. P/M provides an efficient way to overcome these problems.  
 
The gas atomization is the most 
widely used process for the 
production of P/M tool steels. The 
process is illustrated on Figure 1-6. 
Molten metal is poured through a 
small diameter nozzle into jets of 
high-pressure gas (nitrogen or ar-
gon) that break the stream into 
many small droplets. Each droplet 
can be considered as a mini-ingot 
that solidifies on it’s way towards 
the bottom of the chamber. 
 
The resulting component cannot be 
produced by the traditional press- 
and sinter technique because the 
powder’s highly spherical nature 
results in an insufficient green 
strength. Instead the material is hot 
isostatically pressed (HIPed) in a 
vacuum container. In this way full 
density is achieved. 
  
Figure 1-6  Schematic diagram of 
the gas atomization process [5].  
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Figure 1-7 shows traditional wrought steel and a P/M steel of the same compo-
sition. It is obvious that the P/M process provides a much more homogeneous 
structure and a much finer 
dispersion of the carbides. This 
is especially important when 
the material is to be used as a 
tool for cold forging, since the 
coarse carbides in the wrought 
steel can act as crack initiation 
sites.  
 
The small and finely dispersed 
carbides of the P/M structure 
improves the resistance against 
fracture and thereby fatigue 
cracking [6], and also makes it 
possible to use higher alloy 
contents compared to the con-
ventional wrought materials. 
 
 
Figure 1-7  Microstructure of 
T15 tool steel. (a) Wrought. (b) 
P/M manufactured [6]. 
 
Third generation P/M steels 
The third generation P/M steels are the result of new technology developed by 
Böhler. The difference from the traditional steels lies in the method used for 
producing the powder used in the P/M process and possibly also in the heat 
treatment strategy. The exact procedure is only known to people within the 
Böhler company. It is claimed that this new production method offers a more 
homogeneous microstructure with smaller and more finely dispersed carbides 
and a higher purity compared with the traditional P/M steels.  
Fracture of high-speed steels 
The high-speed steels used for cold forging dies are subject to cyclic mechanical 
load and to fluctuations in temperature during industrial production, as a result 
of this cracking due to fatigue is a big problem. 
 
In recent scientific work [9] it has been found that cracking of carbides at loads 
corresponding to a lower stress value than the yield stress of the steel has a large 
effect on the initiation of micro cracks and therefore on the fatigue properties of 
high strength tool steels. 
 
Fatigue crack propagation is divided in to three stages. During stage I cracks are 
initiated and microstructure controlled crack propagation takes place. When a 
crack or defect reaches a certain critical size it becomes nearly independent of 
the microstructure and stage II is entered. In stage II steady-state crack propaga-
tion occurs following the Paris-Erdogan law: 
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d ( )
d
ma C K
N
= ∆  
 
where 
d
d
a
N
 is the crack growth per cycle, C and m are constants for a particular 
material and  is the stress intensity factor, which is a function of applied 
load, specimen geometry and crack length. 
K∆
 
In stage III catastrophic fast fracture occurs. Figure 1-8 gives an overview of the 
three stages. 
 
 
Figure 1-8  Relationship between fatigue crack growth and the stress intensity 
factor K. KT is the threshold stress intensity factor (below this value crack 
growth is negligible) and Kc is the critical stress intensity factor. The three dif-
ferent stages of crack growth are separated by dotted lines [10].  
 
Figure 1-9 shows the initiation of a fatigue crack in a test specimen made of 
P/M high-speed steel conforming to the AISI M3:2 standard (Vanadis 23 from 
Uddeholm Tooling AB). On Figure 1-9 (b) several ratchet lines can be ob-
served, these marks indicate that there are multiple fatigue crack origins that 
grow and link up. The ratchet lines are steplike junctions between adjacent fa-
tigue cracks. Ratchet lines indicate a homogenous material since the criteria for 
fracture crack initiation is met at multiple positions in the material at the same 
time. Figure (c) and (d) show that in the immediate area of crack initiation sev-
eral cracked carbides are present but deeper in the material the crack propagates 
by cleavage of the matrix (approximately independent of the microstructure) 
and the amount of fractured carbides are significantly lower.  
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Figure 1-9  Single edge notch bend specimen after fatigue crack growth. (a) 
Sketch of the specimen with notch and fatigue crack. (b) Fracture surface (SEM 
SE contrast). (c) Surface in vicinity of the crack (normal parallel to the z-axis 
shown in (a)) (SEM BE contrast). (d) Same as (c) but 100 µm away from the 
notch root [9]. 
 
When final fracture occurs (stage III) the final fracture mode depends on the 
material and the service conditions.  Figure 1-10 Shows the two fundamentally 
different fracture modes; ductile and brittle on tensile test specimens. 
 
 
 
Figure 1-10  Macroscopic appearance of ductile (a) and brittle (b) tensile frac-
tures [11]. 
 
The high-speed steels used for cold forging dies are brittle materials. 
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2 Methods of analysis 
2.1 Light optical microscopy (LOM) (Metallurgi-
cal microscope) [12] 
Light optical microscopy is usually the first step when investigating the micro-
structure of a metal. Using the metallurgical microscope on prepared surfaces 
allows the probing of the internal structure of materials. The LOM offers the 
possibility of direct visual observation of microstructural features of sizes below 
the resolving power of the human eye (0,1 mm). Information about morphol-
ogy, size, colour, transparency and optical properties can be obtained. 
 
The LOM has a maximum resolving power of approximately 0,2 µm when us-
ing white light and this can be further improved by using monochromatic light 
to a theoretical maximum of 0,150 µm. 
 
The resolution r of the microscope depends on the wavelength λ of the used 
light and on the numerical aperture NA of the objective and the condenser, 
which is a measure of the light-gathering ability of the of the objective, or light-
providing ability of the condenser. 
 
2
r
NA
λ
=  
 
The numerical aperture depends on the refractive index of the medium between 
the specimen and the front lens. The maximum theoretical numerical aperture 
for a dry system is 1,0 (0,95 can be obtained practically), but by the use of oil-
immersion objectives and condensers a practical numerical aperture of ap-
proximately 1,4 can be reached. 
 
The maximum useful magnification in a modern LOM is 1400x. Many micro-
scopes provide larger magnifications i.e. up to 5000x, but this is “empty” mag-
nification. No further information is revealed beyond that observed at 1400x, 
because the microscope has reached the limit of its resolving power. 
Risø-R-1359(EN)  14
2.2 Scanning electron microscopy (SEM) 
The SEM is used to investigate the surface or near surface area of bulk speci-
mens. A schematic diagram showing the general components of the SEM can be 
seen on Figure 2-1 
 
 
Figure 2-1  Schematic diagram of a SEM [13]. 
 
In the SEM an electron beam with electron energies about 2keV-40keV is 
scanned across the specimen surface by a system of scan coils (See Figure 2-1). 
The interaction between electron beam and specimen provides several signals, 
which can be used for imaging or obtaining chemical information. The informa-
tion obtained depends on which signal is detected. The typical SEM is fitted 
with detectors for secondary- and backscattered electrons for imaging purposes, 
and is also frequently equipped with an energy dispersive spectrometer (EDS) 
that detects X-rays for chemical analysis. 
 
Figure 2-2 shows the interaction volume of the electron beam and the regions 
from which the secondary electrons, backscattered electrons and X-rays may be 
detected. 
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Figure 2-2  Interaction volume and the regions from which the different signals 
can be obtained [13]. 
 
The interaction volume is the region into which the electrons penetrate the 
specimen. Throughout this area radiations are generated as the result of inelastic 
scattering. 
Secondary electrons 
Secondary electrons are generated by primary electrons entering the specimen, 
by the escaping backscattered electrons and possibly by other secondary elec-
trons of a higher energy as a result of inelastic collisions. Because of this the 
secondary electron energy spectrum is very broad and cannot directly be related 
to the chemical composition of the specimen. The secondary electrons are very 
numerous (the electron yield can be as high as 1 secondary electron per primary 
electron entering the specimen [13]) and as can be seen from Figure 2-2 come 
from a relatively little sample volume compared to the other radiations (sam-
pling depth of a few angstroms). This means that the secondary electrons have 
an excellent signal to noise ratio and that they are capable of giving a better spa-
tial resolution than the other signals obtained. 
Backscattered electrons 
Some of the primary electrons may leave the surface without having lost all of 
their energy, and they are most likely to do so while they still have a large frac-
tion of their incident energy. These backscattered electrons are not as abundant 
as the secondary electrons and they originate from a larger volume of the 
specimen than the secondary electrons. As a result of this the signal to noise 
ratio and spatial resolution are not nearly as good as for the secondary electrons. 
In contrast to secondary electrons, the yield of backscattered electrons depends 
largely on atomic number, and therefore the backscattered electrons cannot only 
be used to provide topographic information about the test-specimen, but it is 
also possible to obtain information about composition. 
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Figure 2-3  Electron yield of backscattered (η) and secondary electrons (δ) as a 
function of atomic number[13]. 
 
Figure 2-3 shows the dependence of the yield of backscattered and secondary 
electrons on the atomic number.  
Detector types 
Most modern microscopes are fitted with different detector systems for detect-
ing either secondary or backscattered electrons. For detecting secondary elec-
trons a scintillator-photomultiplier system is utilized. The secondary electrons 
strike the scintillator, which emits photons that the photomultiplier converts into 
pulses of electrons, which can be amplified and used for imaging.  
 
Since the energy of the secondary electrons are too low to excite the scintillator 
they are accelerated by applying a bias voltage of approximately +10 keV. A 
collector at a positive potential of several hundred volts, surrounds the scintilla-
tor, and “collects” the low energy secondary electrons and thereby enables the 
SEM to ”look around corners”. The system is shown in Figure 2-4. 
 
 
Figure 2-4  Path diagram of electrons reaching the detector (a) secondary elec-
trons (b) backscattered electrons [14]. 
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As can be seen from the figure there will also be a signal from the backscattered 
electrons, which follows a trajectory directly towards the detector, but the posi-
tive voltage applied to the collector is not high enough to “collect” the high en-
ergy backscattered electrons, which travel in other directions. By removing the 
bias, which accelerates the incoming secondary electrons, only the signal from 
the backscattered electrons hitting the scintillator is detected, however a modern 
SEM is usually fitted with a separate detector for detecting backscattered elec-
trons. 
 
Detectors for detecting backscattered electrons can either be of the scintillator-
photomultiplier type or consist of solid-state detectors. The two different detec-
tor types are illustrated in Figure 2-5. 
 
Figure 2-5  (a)  Large area scintillator detector. (b) Solid state silicon detector 
with two elements A and B [14]. 
 
The detectors are designed to maximize the solid angle of collection, in order to 
gain the best possible signal to noise ratio. A multiple element backscatter de-
tector makes it possible to enhance the topographic signals from a specimen. 
The two detectors A and B in Figure 2-5 will receive different topographic sig-
nals because they are located on different sides of the optical axis, therefore 
when the signals from A and B are subtracted from each other the signal from 
flat areas will to a first approximation be removed and topographic features will 
be enhanced. When the signals of the two detectors are added together the to-
pographic features will be suppressed and the compositional contrast will be 
enhanced. An example of this is shown in Figure 2-6. 
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Figure 2-6  Backscattered images of a mechanically polished silver soldered 
joint (a) Topographic contrast arising from different resistance to abrasion of 
the phases, enhanced by subtracting the signals from the two elements of the 
detector. (b) Compositional contrast enhanced by adding the signals from the 
two detector elements [13]. 
X-rays 
The bombardment of the specimen with the electron beam generates character-
istic X-rays, which are used to obtain chemical information about the specimen. 
A modern SEM is usually fitted with EDS (Electron Dispersive X-ray Spec-
trometer) equipment for measuring the energy and the intensity of the X-rays 
emitted from a given test specimen.Figure 2-7 shows an example of a spectrum 
obtained by using EDS equipment. 
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Figure 2-7  EDS spectrum from investigations on a high-speed steel. 
 
The EDS equipment is controlled by a computer containing software, which has 
all the characteristic emission energies for all the elements stored, and therefore 
it is a simple matter to identify the elements giving rise to a peak in the spec-
trum. 
 
The accuracy of EDS results is generally poor for analysis for elements lighter 
than sodium. Another limiting factor is that the energy resolution of the detector 
is poor, and therefore it is impossible to detect closely spaced lines such as for 
example AgL and CdL, which will result in only one peak in a spectrum. For 
these purposes it is necessary to use a dedicated microprobe facility equipped 
with a WDS (Wavelength dispersive spectrometer).  
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3 Experimental work 
3.1 Test specimens 
 
The tool samples, which have been used as a die for cold forging of a yoke, 
have an outer diameter of 63 mm. On Figure 3-1 one of the test samples is 
shown. The sample has been cut in half in order to reveal the place of failure. 
 
As can be seen from the picture, the crack is located at an inner notch in the 
specimen, which is the location with the high-
est stress intensity (see Figure 3-2). The crack 
runs along the entire length of the tool sample, 
but the only place material has been removed 
is at the notch. 
 
The specimen is symmetric and cracks are 
also initiated at the three positions similar to 
the one shown on the picture. Each tool 
specimen therefore contains 4 cracks. 
 
Figure 3-1  Tool sample with visible crack. 
 
 
 
 
 
Figure 3-2  Von Mises stress distribution in the die [15]. 
 
Table 3-1 gives an overview of the test samples: 
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Table 3-1 Overview of test specimens. 
 A B C 
Material Traditional P/M steel 
Traditional 
P/M steel 
Third generation 
P/M steel 
Number of cycles 
to failure 62200 68800 ~80000 
 
 
The number of cycles for especially specimens A and B are a bit on the high 
side, since a large amount of specimens has failed at a much lower number of 
cycles. As a general observation the specimens made of  “third generation” steel 
seem to last longer than the traditional steel.   
 
The composition of the materials can be seen from Table 3-2. 
 
Table 3-2  Composition of the tool steels (s790 in the Böhler P/M production 
line). 
Chemical composition in wt.% 
C Cr Mo V W 
1,28 4,2 5,0 3.1 6,4 
 
The chemical composition of both the traditional steels and the “third genera-
tion” steel correspond to an AISI M3:2 standard and are delivered by Böhler.  
3.2 Experimental procedures 
Preparation of a plane polished surface (3 µm diamonds) has been performed 
for each of the three specimens followed by examination in both the LOM 
(Light Optical Microscope) and in the SEM (Scanning Electron Microscope). 
 
The crack formation in each tool sample was 
examined in the SEM, both before and after 
the specimens were ultrasonically cleaned in 
Alconox (see Appendix A).  The specimens all 
had a hardness of approximately 62 HRC and 
were cut up at Struers A/S in Rødovre, Den-
mark, using an Exotom 100 and a Unitom 50. 
The cutting was done following the guidelines 
shown on Figure 3-3. 
 
 
Figure 3-3  Tool sample with guidelines for 
cutting. 
 
Afterwards the part of the specimen containing the crack was cut up from the 
back using a Struers Acutom 5. The specimen was cut almost all the way 
through, and then using a wedge in the saw cut and hitting it with a hammer 
opened the last part.  
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4 Results and discussion 
4.1 Plane polished surfaces 
The plane polished surfaces were examined in the LOM after treatment with 
Alconox and after etching with nital, and in the SEM using backscattered elec-
trons in order to get a composition contrast. Figure 4-1 shows the LOM pictures 
after a treatment with Alconox. 
 
 
Figure 4-1 (a) and (b)  LOM pictures of specimen A (to the left) and B (to the 
right) taken with 1010x magnification, one division on the scale equals 1 µm. 
 
The fact that the carbides are so obviously exposed is because of the treatment 
in Alconox, and it is expected that the cleaning will have the same effect when 
used on the fracture surface in the crack. It can be seen that the carbides are 
finer in specimen C, as was expected.  
 
The difference is a bit hard to see on the nital etched specimens in Figure 4-2. It 
could look as though there is a slightly larger tendency towards clustering of the 
carbides in specimen A. The difference in carbide distribution is easier to ob-
serve when viewing Figure 4-3. 
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Figure 4-2  Nital etched specimens; (A) Specimen A. (B) Specimen C. 
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Figure 4-3  SEM-BE pictures of plane polished surfaces; (A) specimen A and 
(B) specimen C. 
 
From Figure 4-3 it can be seen that there is quite a big difference in the carbon 
distribution for specimen A as compared to specimen C. The white carbides are 
M6C carbides where M is either Mo or W. The reason that these carbides have 
the largest intensity is because of atom number contrast. The higher the atom 
number the higher the intensity of emitted backscattered electrons. The dark or 
grey carbides are MC carbides, where M is mostly V atoms. It can be seen that 
specimen A contains more and larger M6C carbides than specimen C. Also there 
seems to be a tendency towards clustering of the M6C carbides in specimen A. 
The difference in distribution of MC carbides is more difficult to ascertain, 
since the contrast difference between carbides and matrix is small especially in 
the picture of specimen A. 
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4.2 Fractures 
Figure 4-4 shows the crack in specimen A before and after the cleaning treat-
ment with Alconox. Figure 4-4 (a) shows that the crack is completely covered 
with small particles, which could possibly be residue from the lubricant (zinc-
stearate) used in the tool during production and flakes from the matrix material. 
These particles make it very difficult to view the underlying fracture morphol-
ogy. 
 
 
Figure 4-4 (a) and (b)  SEM-SE pictures of the crack in specimen A. (a) Before 
cleaning with Alconox: The crack is covered with small particles of zinc-
stearate. (b) After cleaning with Alconox. 
 
That some of the particles are indeed zinc-stearate has been confirmed by the 
use of EDS (Energy Dispersive x-ray Spectroscopy), which gave a clear con-
firmation that zinc was present even though it is not part of the base-material 
(see Appendix B).     
 
After the cleaning treatment all the particles have been removed and it is now 
possible to get a view of the actual fracture surface. However this is not without 
cost, since it seems that the treatment in Alconox is not entirely non-destructive 
(see appendix A for a discussion of this subject.) 
 
Figure 4-5 shows low magnification SEM-SE pictures of the cracks in specimen 
A and B. The two cracks look very alike. It seems that the mechanism of crack 
growth/ expansion is chipping. When two or more small cracks grow together a 
flake of material is loosened and falls off whereby the crack is expanded.   
 
 
Figure 4-5 (a – to the left) and (b)  SEM-SE pictures of the cracks. (a) Crack in 
tool sample A (b) Crack in tool sample B. 
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Figure 4-6 (a,b,c,d) shows the end of the crack in tool sample A at higher mag-
nifications, and it reveals a highly porous microstructure, which is certainly not 
what is expected from a tool steel. The pictures show several secondary cracks, 
which seem to have grown from the primary crack. On the surface the carbides 
have been laid bare, and in several places they have dislodged. This might how-
ever be an effect of the prior treatment in Alconox.  
 
It must also be considered that specimen A and B has run quite a large amount 
of cycles (~60000) compared to the average tool made of traditional AISI M3:2 
steel (5000-20000) before being taken out of production. Therefore one might 
expect that the effects that lead to failure may show in an especially grave man-
ner in these specimens due to their extended lifetime. The crack in tool sample 
B is similar of appearance to the one seen in tool sample A.  
 
Figure 4-6 (e,f,g,h) shows the crack in specimen C at similar magnifications. It 
is a general observation, that the surface of the C-specimen does not look as 
worn as the other specimens, even though it looks as though the mechanism of 
crack growth is the same. This corresponds well with the fact that the specimens 
produced from “third generation” steel generally have a longer lifetime. 
 
Another interesting observation made from these pictures is that the inner sur-
face of the tool sample seems to be covered with long abrasive marks mostly 
oriented in the direction of the mass flow in the tool. These marks probably 
originate from the actual use of the tool during production and they are present 
even far from the crack. The abrasive marks are clearly more distinct on speci-
men A and B than on specimen C.  
 
The abrasive marks on specimen B that can be seen on Figure 4-6 (a) and (b) 
are also present in areas far from the primary crack but still near the notch. This 
can be seen on Figure 4-7. If looked closely upon, the two pictures show quite a 
few micro cracks and several cracked carbides. It might be possible, that the 
abrasive marks have had an influence on the initiation of the fatigue crack at the 
place in the tool, where the highest stress-concentrations are found. 
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Figure 4-6  SEM-SE pictures; (a,b,c,d) show the crack in specimen A at differ-
ent magnifications, and (e,f,g,h) show the crack in specimen C. 
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Figure 4-7  SEM-SE pictures of tool sample B at an area far from the crack but 
still in the vicinity of the notch. 
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4.3 Opened specimen 
 
“Opening” of the cracked specimens reveals that the complex nature of the 
stress-situation around the notch in the tool due to the prestressing makes the 
direction of crack-growth equally complex and difficult to predict. This made it 
very hard to open up a crack without at the same time destroying it. The only 
crack successfully opened was from specimen C, but it must be expected that 
the overall mechanism of crack growth in this specimen is the same as for the 
other two specimens, so even though there might be microstructural differences 
the overall features should be comparable. 
 
Below the part of the crack that is observable on the surface, the crack runs deep 
into the specimen as can be seen on Figure 4-8. The crack has occurred in a brit-
tle cleavage like manner near the surface, but some distance from the surface 
the appearance of the crack changes abruptly. 
 
 
Figure 4-8  SEM-SE picture of the opened crack in specimen C. In the top left 
corner, the part of the crack that is visible in the unopened specimen can be 
seen. In the lower part of the picture the crack running inside of the specimen 
can be observed. 
 
Several ridges can be observed where the crack front has been arrested (See 
lower part of Figure 4-8). The markings are much too coarse to be striations, 
which are seen, in more ductile materials where crack tip blunting occurs. It is 
likely that these ridges originates from the procedure used for opening up the 
specimen. The specimen was cut up from the back opposite the visible fracture 
with a rotating saw while the specimen was oscillated ±20° in order to avoid the 
saw getting stuck. The ridges are probably the result of fatigue crack growth due 
to the repeated impacts between saw and specimen. If it had been possible to cut 
up the specimen without having to oscillate it these markings would probably 
not have been observed.  
Cracking of carbides 
As discussed in the theory part cracked carbides can be the initiation point of 
micro cracks. In specimen C several cracked carbides can be observed in the 
area near the bottom of the crack as can be seen from Figure 4-9. Specimen A 
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and B contain a volume fraction of cracked carbides of the same magnitude as 
specimen C. 
 
 
Figure 4-9  SEM-BE picture of cracked carbides in specimen C. 
 
It is not possible to link the initiation of the main crack in the tool specimens 
directly to the cracking of carbides in the area where the fracture takes place. It 
is obvious that the dies have been used for several production cycles after the 
initiation of the crack has taken place. The die is taken out of production when 
the fracture damage is so grave that the final product does not make it through 
the quality control. In order to establish the exact reason for the crack initiation 
it would be necessary to analyse a die specimen where the crack has only just 
initiated. 
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5 Conclusion 
When comparing the plane polished surfaces of the specimens constructed in 
traditional P/M high-speed steel with the one constructed in third generation 
P/M steel the overall impression is that the third generation steel contains finer 
carbides, and that there is a slightly larger tendency towards clustering of the 
carbides in the traditional steels. 
 
The macroscopic look of the fracture in the traditional and the third generation 
steels looks very alike.  
 
The inner surface of the dies constructed in the traditional steel looks much 
more worn than the die constructed in third generation steel even though the last 
mentioned has run the most production cycles. This implies that the third gen-
eration steel has a higher resistance against abrasive wear. The observed abra-
sive marks could very likely play a role in the initiation of the fatigue cracks. 
 
It is not possible to link the failure with cracking of carbides at the critical posi-
tion in the cold forging dies since the initial point of failure can no longer be 
observed due to chipping off of material. 
5.1 Future work 
It would be nice to be able to quantify the difference in microstructure. QIA 
(Quantitative Image Analysis) on either X-ray maps or backscattered electron 
images of the plane polished specimens would therefore be very interesting. 
 
There could also very likely be differences in other areas than just size and dis-
tribution of carbides. For example in the characteristics of the matrix and in the 
size of grains.    
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6 Appendix A:  Alconox 
The purpose of this appendix is to evaluate the use of Alconox for the cleaning 
of fracture surfaces on an AISI M3:2 P/M steel. 
 
The use of Alconox is favourable since it is biodegradable and non poisonous, 
which makes it much easier to handle than for example acid or organic solvents. 
However it has been observed that Alconox induces certain changes in the mor-
phology of the surface of test-specimens, which become more pronounced with 
increased process time.  
 
Since it is critical that the fracture surfaces do not undergo any treatments that 
drastically change the morphology and thereby perhaps obscure the mechanism 
that was the reason behind the fracture, it is necessary to know the effect of all 
used treatments in detail. 
 
Therefore this appendix aims to clarify both the general effect of a cleaning 
treatment using Alconox and the effect of process time  
Description of Alconox taken from www.alconox.com  
Concentrated, anionic detergent for manual and ultrasonic cleaning. Free rinsing 
to give you reliable results without 
interfering residues.  
   
Ideal for cleaning contaminants from 
glassware, metals, plastic, ceramic, porcelain, 
rubber and fibreglass.     
 
Excellent replacement for corrosive acids and 
hazardous solvents. USDA authorized. Dilute 
1:100. pH 9.5. 
 
Figure 6-1  Alconox. 
6.2 Background/ Theory 
 
The treatment in Alconox is described in ASTM STP 827, 1984, p. 267 and also 
in the "Metals Handbook, Ninth Edition, Volume 12, Fractography", page 75: 
 
The cleaning solution is prepared by dissolving 15 g of Alconox powder 
in a beaker containing 350 mL of water. The beaker is placed in an ultra-
sonic cleaner preheated to about 95°C (205°F). The fracture is then im-
mersed in the solution for about 30 min. rinsed in water then alcohol, 
and air dried.  
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Figure 6-2 shows an example of the use of ultrasonic cleaning with Alconox on 
a fracture surface. 
 
 
Figure 6-2 (a) and (b) Fatigue precrack region (a) Before cleaning in Alconox. 
(b) After cleaning in Alconox [11]. 
 
Prolonged exposure in the Alconox solution causes a chemical etching of the 
test specimen and can cause the dislodging of originally embedded inclusions 
(See Figure 6-3 (a) and (b)).  
 
 
Figure 6-3 (a) and (b) Effect of increasing the ultrasonic cleaning time in a 
heated Alconox solution (a) 30 min. (b) 3.5 h. Note the dislodging of the inclu-
sion and the chemical etching of the fracture surface [11]. 
 
According to the Metals Handbook the prolonged treatment (more than 30 min-
utes) has very little cleaning effect and should therefore be avoided. 
6.3 Experimental work 
Experiments have been performed on test specimens of AISI M3:2 steel with a 
composition that can be seen from Table 6-1. 
 
Table 6-1 Composition of the AISI M3:2 steel. 
Chemical composition in % Composition 
range  C Cr Mo V W Co Mn Si 
Min 1,17 3,80 4,70 2,70 6,00 - 0,00 0,00 
Max 1,27 4,20 5,20 3,20 6,70 - 0,40 0,45 
 
The test specimens are cleaned ultrasonically at 50-60°C in a solution prepared 
from 15g Alconox and 350mL water. The reason that a lower temperature is 
used, instead of the 95°C described in the standard, is due to a limit imposed by 
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the available ultrasonic bath (Branson 2200) which can't operate at higher tem-
peratures. This however shouldn't have any significant influence on the result.  
 
A polished surface has been prepared and examined before and after the treat-
ment with Alconox in a LOM (Light-Optical Microscope)  
 
Three rectangular specimens with approximate dimensions 1,0-2,5-0,3cm were 
weighed before and after the treatment in Alconox, making it possible to ob-
serve if a significant amount of material disappears during the treatment. 
 
Furthermore the fracture surface of a ”fatigue” crack located at an inner notch in 
a tool used for cold working has been examined in the SEM (Scanning Electron 
Microscope) before and after the treatment in Alconox. 
6.4 Results and discussion 
Plane polished surface 
As can be seen from Figure 6-4 there is a distinct difference in the surface mor-
phology of the specimen before and after the treatment with Alconox. Appar-
ently Alconox etches some of the matrix material while leaving the carbides 
virtually untouched.  
 
 
Figure 6-4 (a) and (b) LOM-pictures taken with 646x  magnification. One divi-
sion on the scale equals 1 µm. (a) Before treatment with Alconox. (b) After ½ an 
hour treatment with Alconox. 
 
The specimen in Figure 6-4 (a) was ultrasonically cleaned for 10 min. in ace-
tone before being examined in the LOM, and therefore it seems unlikely that the 
material removed during the treatment with Alconox could be just grease or 
paste residue from the polishing. 
 
Also the amount of material removed seems to be too much to indicate the re-
moval of an oxide-layer. An oxide layer would also reform itself after a given 
amount of time, which would mean that the surface after treatment with Al-
conox would after some time return to it’s original state. This is not observed. 
 
The treatment with Alconox gives a rather nice indication of the distribution of 
carbides in the steel. But during the investigation of a fracture surface this effect 
will not be favourable since it changes the morphology of the surface, thereby 
making it difficult to assess whether an effect originates from the fracture 
mechanism or from the treatment during cleaning. 
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Varying the treatment time 
In order to estimate the effect of the treatment time, the polished specimen was 
examined in the LOM after 0, 10, 15, 20, 30, 60 and 90 minutes. Only one 
specimen was used for this examination. This means that the specimen was 
taken out of the hot ultrasonic bath at the given time-intervals, and then rein-
serted after examination. The result can be seen on Figure 6-5. 
 
 
Figure 6-5  LOM-pictures of the plane polished surface after treatment in Al-
conox in 0, 10, 15, 20, 25, 30, 45 and 90 minutes. taken with 646x magnifica-
tion. One division on the scale equals 1 µm.  
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It looks as though the specimen is not attacked as heavily when it is taken out of 
the ultrasonic bath at regular intervals for examination (compare Figure 6-4 and 
Figure 6-5). This might be explained by the formation of a protective oxide-
layer each time the specimen is taken out of the hot Alconox solution. At the 
given pH-values (7 and 9,5) Fe is in the passive area. 
 
Assuming that Alconox removes the oxide layer it might be expected that al-
lowing the oxide layer to reform during the cleaning treatment (removing the 
specimen from the Alconox-solution) delays the overall dissolution of the ma-
trix-material.  It would therefore be more correct to use one test-specimen for 
each test-time. 
Weight loss 
Before the Alconox treatment the three specimens A, B and C were cleaned ul-
trasonically in acetone for 15 minutes.  
 
The specimens were weighed using a Messler AE 163 precision weight. 
 
The dimensions of the test specimens were: 
 
A: 2,025cm-1,020cm-0,305cm, Volume =  0,630cm3, Area = 5,988cm2 
B: 2,025cm-1,020cm-0,295cm, Volume =  0,609cm3, Area = 5,928cm2 
C: 2,025cm-1,020cm-0,190cm, Volume =  0,392cm3, Area = 5,288cm2 
 
The measured weights and weight losses can be viewed in Table 6-2 and  Table 
6-3. 
Table 6-2 Weight and weight loss of specimens treated in Alconox. 
 A/ g A-loss/ g B/ g B-loss/ g C/ g C-loss/ g 
0 min. 5,02237 - 4,90106 - 3,21905 - 
30 min. 5,02154 0,00083 4,90036 0,00070 3,21838 0,00067 
60 min. 5,02093 0,00144 4,89968 0,00138 3,21790 0,00115 
150 min. 5,01847 0,00390 4,89723 0,00383 3,21586 0,00319 
  
Table 6-3 Weight loss per time and surface area. 
 A/ 2cmmin
g
⋅
µ
A/ 2cmmin
g
⋅
µ
 A/ 2cmmin
g
⋅
µ
 
30 min. 4,620 3,936 4,223 
60 min. 4,008 3,880 3,624 
150 min. 4,342 4,308 4,022 
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The weight loss per minute per surface area measured in cm2 is approximately 
equal to 4 2mcmin
g
⋅
µ
 for all the measurements (See Table 6-3).  
 
This weight loss is, as could be expected from the pictures of the plane polished 
surfaces, very small and gives no cause for concern. 
Fracture of a tool 
The Alconox treatment was used to clean a crack located at an inner notch in a 
tool die used for cold forging. On Figure 6-6 one half of the fractured tool is 
shown. The cleaning was necessary since prior to the cleaning procedure the 
crack was covered with residue of zinc-stearate (see Appendix B) that was used 
as a lubricant in the original tool.  
 
Figure 6-6  The die, cut in half to show two of the four cracks initiated at the 
inner notch. 
 
On Figure 6-7 enlarged views of the crack before and after the treatment in Al-
conox are shown. 
 
The zinc-stearate-particles almost completely obscure the underlying fracture 
morphology and it is necessary to remove them in order to get a closer look at 
the actual surface. By comparing Figure 6-7 (a) and Figure 6-7 (b) it can be seen 
that the treatment in Alconox effectively removes the disturbing particles 
thereby revealing the fracture surface.  
 
By prolonging the treatment however it is revealed that the Alconox treatment 
not only affects the disturbing particles, it is also capable of removing parts of 
the base material. This can be seen by comparing picture Figure 6-7 (b) and 
Figure 6-7 (c). On figure (b) a large “flake” is visible in the top of the picture, 
but after 90 minutes of treatment the flake is no longer present and can’t be seen 
in picture (c). It has been loosened by the prolonged treatment in Alconox. It is 
most likely the combined effect of the chemical etching by Alconox and the 
mechanical agitation from the ultrasonic bath that has caused this. 
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Taking a closer look at the microstructure in Figure 6-8 it seems as though the 
carbides are laid bare and at several places they have dislodged. Looking back 
at the effect that the Alconox treatment had on the plane polished surfaces, this 
could very well be because of the cleaning procedure.  
 
 
Figure 6-7 (a), (b) and (c)  SEM-SE  pictures of a crack located at a notch in-
side a tool die used for cold forging.  (a) Before treatment with Alconox: The 
crack is covered with small particles of zinc-stearate and oxides. (b) After ½ 
hour of treatment with Alconox: Same location in the crack as in (a) turned 90°. 
(c) Same as (b) but after 1½ hour of treatment in Alconox. Notice that a large 
part present in the top of picture (b) is no longer present in picture (c).  
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Figure 6-8 (a), (b), (c) and (d)  (a) Shows the highly porous area surrounding 
the crack after ½ hour of treatment in Alconox. (b) Shows the top right area of 
picture (a) also after ½ hour. On both pictures the carbides are highly exposed! 
(c) and  (d) show the same area as (a) and (b) respectively but after 1½ hour of 
treatment in Alconox. 
 
On Figure 6-8 (a) and (b) it can be seen that the material around the crack is 
extremely porous and at several places it looks as though the carbides have 
fallen out of the material. It might be expected that this is the result of the clean-
ing procedure.  
 
On Figure 6-8 (c) and (d) it is even clearer that the matrix material has been 
etched, since most of the crack-edges seem to have been smoothened or 
rounded off. In picture (d) it is possible to view the bottom of most of the small 
cracks, which was not possible in picture (c), indicating that surface material 
has been removed whereby the cracks have been made shallower.  
 
The change in microstructure is quite significant from (a) to (c) and from (b) to 
(d). Therefore it is obvious that the treatment in Alconox does indeed change 
the morphology of the fracture surface especially at prolonged treatment times. 
 
One specimen was cleaned for only 15 minutes, but still had disturbing oxides 
present near the crack, which indicates, that a longer process time is necessary.  
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6.5 Conclusion  
Alconox is a very useful product for the cleaning of fracture surfaces on tool 
steels, as long as one keeps the observed side effects in mind. 
 
The strength of Alconox is that it is extremely easy to handle and no more toxic 
than a normal detergent that can be bought in an ordinary supermarket. It re-
moves all the disturbing oxides and residue from the lubricating oil.   
 
The cost is a change in the surface morphology. Part of the ferrite-matrix is 
etched and thereby the carbides are laid bare. The weight loss observed during 
the cleaning is negligible, but the visible effect is significant and should always 
be kept in mind when viewing surfaces cleaned in Alconox. In order to mini-
mise the unwanted change in morphology extended treatment (above approxi-
mately 30 minutes) should be avoided. 
 
If the purpose of the cleaning is to observe the distribution and the behaviour of 
the carbides in the tool steel (for example when looking for fractured carbides 
as possible crack initiation sites) the treatment in Alconox is excellent since it 
both cleans the specimen and enhances the effect looked for.   
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7 Appendix B: EDS-Analysis  
The purpose of the examination is to find out whether zinc is present in the par-
ticles covering the fracture surface, thereby proving that the particles consist of 
zinc-stearate, which was used as lubricant in the examined tool sample. 
 
Figure 7-1 shows an overview of the area examined during the analysis. Four 
different analyses were performed. One overall scan of the entire area marked 
by a large rectangle (Krda1). Two spot analyses centred at particles marked by 
circles (Krda2 and Krda4), and one spot analysis centred at an area without par-
ticles marked by a triangle (Krda3). 
 
Figure 7-1  Overview of the scan-area examined during the EDS-analysis. 
Krda1: Scan of the total area. Krda2 and Krda4: Spot scans of particles. 
Krda3: Spot scan of area free of particles. 
 
The expected result would be that, Krda1 showed some signs of the presence of 
zinc, while Krda2 and Krda4 would show a higher content, and Krda3 a lower 
content of zinc. 
 
As can be seen from the following pages the results agree nicely with this as-
sumption, and it is safe to conclude, that the surface particles contain zinc. Since 
the base-material does not contain any zinc it seems highly likely that the parti-
cles consist of zinc-stearate-residue from the lubricant used in the tool during 
production.  
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